INTRODUCTION
Surfactants molecular assemblies such as micelles, vesicles, and emulsions, can solubilize or disperse various hydrophobic substances efficiently in water. Therefore, in the cosmetic, pharmaceutical and medical fields, they have attracted great attention as drug carriers 1, 2 , which can deliver the hydrophobic active ingredients into the aqueous environment.
Micelles can solubilize only a small amount of hydrophobic substances since the size of micelles is small, and the micelle structure is led to one state depending on the composition and the physicochemical condition, due to the equilibrium system.
On the other hand, emulsions can disperse a larger amount of hydrophobic substances in an aqueous solution than micelles. Moreover the emulsion structure can be controlled by changing compositions and preparation methods. It means that the functions of emulsions as drug carriers can be improved by controlling their structure. Especially nano-emulsions, with a size typically in the range of 20-200 nm, have high dispersion stability. The effective applications of them as various drug carriers have been strongly expected 3, 4 .
Vitamin A and its derivatives VA , among the lipophilic vitamins, have cytodifferentiation and antioxidation effects and various physiological functions 5 , therefore it has been widely used in the cosmetic and medical fields and expected further applications as active ingredients. Then we considered that the effective nano-emulsions containing VA can be developed as drug carriers, which enable to make great use of the efficiency of VA, by controlling their structure. In order to control the function of molecular assemblies in water by changing their structure, it is important to analyze their structure in detail and to evaluate the relationship between structure and function. The small-angle X-ray scattering SAXS method 6 is known as one of the powerful tools for structural analysis of assemblies in the solutions. Recently, many researchers have been taking advantage of the method, because various molecular assem-blies such as micelles and microemulsions can be analyzed. Especially, a pair distance distribution function PDDF: P r , which is obtained by transforming a scattered intensity I q with the indirect Fourier transformation IFT 7, 8 method or the generalized indirect Fourier transformation GIFT 9 13 method, and an electron density profile ρ r , which is obtained by deconvolution 14 of the PDDF using DECON, enable to evaluate the detailed size, form and internal structure of the molecular assemblies. For example, by using the PDDF and the electron density profile, M. Tomšič et al. reported the detailed analysis of the solubilized locus of alcohols in the micelles of polyoxyethylene 23 dodecyl ether 15 . L. K. Shrestha et al.
revealed the structural change of polyglycerol oleic acid ester reverse micelles in decane during the change of temperature and concentration of the surfactant and water 16 .
To the best of our knowledge, there are many reports on structural analysis of micelles using the PDDF and the electron density profile as above. However there is no report on structural analysis of nano-emulsions.
In this paper, we report the structural details of the nano-emulsions containing VA analyzed with SAXS, and the relationship between the nano-emulsion structure and the effect of VA adsorbability onto the corneal epithelial cellsmodel interface.
EXPERIMENTAL

Materials
Polyoxyethylene 60 hydrogenated castor oil HCO was purchased from Nikko Chemicals Co., Ltd., retinol palmitate vitamin A derivative: VA was purchased from DSM Nutrition Japan Co., Ltd., dl-α-tocopherol acetate vitamin E: VE was purchased from Rikenvitamin Co., Ltd., and dipalmitoylphosphatidylcholine DPPC , dipalmitoylphosphatidylethanolamine DPPE and sphingomyelin were purchased from NOF Co., Ltd., cholesterol was purchased from WAKO Co., Ltd. All materials were used without further purification.
Methods
Preparation of the nano-emulsions
We prepared the nano-emulsions with agent-in-oil method: In a light-shielding vial, HCO, VA and VE, which was used as an antioxidant 17 , were mixed and stirred at 70 to become homogeneous. Then the mixture was added to water, which was heated at 80 , and stirred at 600 rpm for more than 10 minutes to disperse the mixtures sufficiently. All nano-emulsions were prepared with higher concentration of HCO than the critical micelle concentration ca. 0.01 wt 18 . It is notable that if emulsions were prepared with agent-in-water method, namely the mixture of VA and VE was added to the HCO solution, nano-sized emulsions were not obtained. Composition of the measured samples was listed in Table 1 .
We measured the size of the nano-emulsions of the samples B, D, and E by Dynamic Light Scattering with cumulant method using DLS 8000 Otsuka electronics Co., Ltd. . All nano-emulsions were monodisperse and the size of the nano-emulsions in sample B was 18.9 5.9 nm, in sample D was 21.2 5.9 nm, and in sample E was 31.2 2.2 nm. Their sizes were not so much changed and the creaming was not observed in all samples even after stored more than 1 year at room temperature.
Structural analysis of assemblies using SAXS
X-ray scattering data was recorded on a SAXSess camera Anton Paar Co., Ltd. . The measuring system composed of a W3830-sealed glass bulb X-ray source PANalytical Co., Ltd., Cu-Kα wavelength 0.154 nm , a multilayer film Goebel mirror, a block collimator, a semi-transparent beam stop, a vacuum-proof glass capillary cell, a TCS120 temperature controller, a vacuum housing, and an imaging plate detector.
The measurable range of scattering vector q was 0.03 q/nm 1 6. Samples were enclosed in a vacuum-tight thin quartz capillary and measured at room temperature for 30 minutes. All data were normalized to the same incident primary beam intensity for the transmission calibration and were corrected for background scattering from the capillary and we used water for absolute intensity calibration 19 .
The analysis of scattering data was performed with an IFT software package.
Evaluation of zeta potential of the nano-emulsions
Zeta potential of the nano-emulsions was measured with the laser Doppler method using ELSZ-1000 Otsuka electronics Co., Ltd. . All nano-emulsions were measured at 25 without further dilution. 20 . Then the solvent was dried under a stream of N 2 and completely removed in vacuo providing a thin and homogeneous lipid film. In order to obtain the liposome solution, water was added to the dried lipid film and incubated at 60 , and then dispersed with a vortex mixer. The size of the resulting liposomes was larger than 1 μm.
The adsorbed VA amount onto the liposomes was measured using the following method: First, 2 mL of liposome aq. 5 mmol/L and 3 mL of each nano-emulsions, which is triple diluted with saline solution 0.9 wt NaCl on the assumption of the usage of the nano-emulsions as eyedrops, were mixed. Note that, the size of the nano-emulsions did not so much changed just after the dilution. After stirring the mixed solution with a magnetic stirrer for 1h at 35 , the liposomes and the nano-emulsions were separated through a syringe filter MF-Millipore MCE Membrane 0.8 μm, Merck Millipore Japan Co., Ltd. by their size. The amount of VA in the filtrates and the measured samples was calculated by measuring the ultraviolet absorbance of VA, which exhibits a strong absorbance peak at 327 nm 21 , using the visible-ultraviolet spectrophotometer MultiSpec-1500, SHIMADZU Co., Ltd. . By subtracting the VA amount in the filtrates from that in the measured samples, the adsorbed VA amount onto the liposomes was calculated. Note that a negligible amount of VA was adsorbed onto the filer.
RESULTS AND DISCUSSION
3.1 Structural analysis of molecular assemblies using SAXS/IFT method 3.1.1 Theory of the IFT method For monodisperse globular particle systems having n particles in unit volume, the experimentally obtained scattered intensity I q can be described by the equation as follows;
I q nP q S q
Eq. 1
Where P q is the averaged form factor and S q is the structure factor. These factors provide information on the internal structure of the particles and particle-particle interaction, respectively. The P q is given by the Fourier transformation of the PDDF: P r as P q
The SAXS data for all measured samples were analyzed by the IFT method S q 1 due to the low concentration of all samples. The electron density profile Δρ r was obtained by transforming the PDDF using deconvolution. 3.1.2 Evaluation of the HCO micelle and nano-emulsion structure. In order to clarify the structural difference between HCO micelles and the nano-emulsions, we tried to evaluate their structural details using the PDDF and the electron density profile. The sample A and B, which were listed in Table 1 were measured.
The scattered intensity curves I q of the HCO micelles and of the nano-emulsions 22 were transformed into the PDDFs with the IFT method Fig. 1 . Both PDDFs show two peaks, which means both assemblies have a coreshell structure. Note that the r values at the P r 0 show the maximum diameter of the assemblies. The size of the HCO micelles was about 18 nm, and the size of the nano-emulsions was larger 21 nm than that of the HCO micelles. This implies that the vitamins are included in the HCO molecular assemblies.
Then, the electron density profiles were calculated by using the deconvolution method Fig. 2 . These profiles, represented by equidistant step functions show the distribution of the electron density difference to water from the central point of assemblies to the interface with bulk. When the electron density of bulk water was defined as a base Δρ 0 , the electron density of shell , which is composed of the hydrophilic moiety of surfactants in the assemblies and has a higher electron density than water, was described in positive y-axis area Δρ 0 . On the other hand, the electron density of core , which is composed of the hydrophobic moiety of surfactants in the assemblies Fig. 1 The PDDFs of the HCO micelles (sample A) and of the nano-emulsion (sample B).
and has a lower electron density than water, was described in negative y-axis area Δρ 0 . The intersection point with Δρ 0 describes the border between the core and the shell, and the r value at that point describes the radius of the assemblies core.
When it comes to prepare O/W emulsions with a surfactant and a hydrophobic substance, the hydrophobic substance is contained into the emulsion core. In our system, the density profiles shown in Fig. 2 described the expansion of the core of the nano-emulsion compared with the HCO micelle, therefore the result suggests that the vitamins were contained into the core of the HCO assemblies. 3.1.3 Effect of the HCO concentration for the nano-emulsions. As we mentioned above, the structure of the nano-emulsions would be controlled by changing the compositions and the preparation methods. Then we prepared various nano-emulsions composed of the same amount of vitamins and different amount of HCO in order to examine the structural changes of the nano-emulsions with different compositions. The nano-emulsions were prepared according to the procedure described in 2.2.1, and the sample B, D, and E listed in Table 1 were measured.
The scattered intensity curves I q of the nano-emulsions 22 were transformed into the PDDFs with the IFT method, and then the size and structure of the nano-emulsion droplets were evaluated. As shown in Fig. 3 , all the PDDFs showed two peaks, which means all the nano-emulsions have the core-shell structure. With increasing of the HCO concentration, the size of the nano-emulsions decreased. The electron density profiles were calculated from these PDDFs. Note that, the electron density of vitamins VA: 307/nm 3 , VE: 317/nm 3 were closer to that of water 334/ nm 3 than that of alkyl chains of HCO cf. triolein: 295/nm 3 .
Therefore, on the hydrophobic site: core , the Δρ value tends to increase with increasing vitamins ratio in the nano-emulsions. On the other hand, on the hydrophilic site: shell , the Δρ value tends to decrease with decreasing amount of hydrophilic moiety of HCO, which covers the oil/ water interface of the emulsions. Taking these facts into consideration, we interpreted the electron density profiles shown in Fig. 4 as follows. According to the profiles, the nano-emulsions composed of lower HCO concentration against VA have the smaller Δρ value of the core and also shell. The result suggests that the na- Fig. 2 The electron density profiles of the HCO micelles (sample A) and of the nano-emulsion (sample B).
Fig. 3
The PDDFs of the nano-emulsions; The HCO concentration of sample B is 1.0 wt%, sample D is 0.50 wt%, and sample E is 0.25 wt% (listed in Table 1 ).
Fig. 4
The electron density profiles of the nano-emulsions; The HCO concentration of sample B is 1.0 wt%, sample D is 0.50 wt%, and sample E is 0.25 wt% (listed in Table 1 ).
no-emulsions of lower HCO concentration are supposed to be covered with less HCO molecules per specific surface area of oil/water interface. Therefore, we assumed that the nano-emulsions of lower HCO concentration have less hydrophilic, namely more hydrophobic oil/water interface than that of higher HCO concentration.
Zeta potential of the nano-emulsions
We tried to confirm the validity of our hypothesis: The nano-emulsions composed of lower HCO concentration have more hydrophobic oil/water interface than that of higher HCO concentration in another way. Then, the zeta potential of the nano-emulsions was measured to examine the change of oil/water interface of the nano-emulsions. The sample B, C, D, and F listed in Table 1 were measured.
As the result shown in Fig. 5 , the zeta potential of the nano-emulsions varied as the HCO concentration changed, and it tended to be more negative with decreasing the HCO concentration.
Hydrophobic substances bearing polar substituent groups are known to show the negative zeta potential 23 , therefore in this case, vitamins are supposed to have the negative electric charge. Thus with increasing the HCO concentration, the negative charge derived from vitamins supposed to be shielded by the nonionic HCO molecules, which are not electrically charged, and came closer to 0 mV of the zeta potential 24 .
The result also suggested that the nano-emulsions composed of lower HCO concentration supposed to be covered with less HCO molecules per specific surface area of oil/ water interface, and have more hydrophobic oil/water interface than that of higher HCO concentration.
Evaluation of adsorbability of the nano-emulsions
onto the corneal epithelial cells-model interface. As mentioned in 3.1.3 and 3.2, we confirmed that the nano-emulsions composed of the different HCO concentrations against VA have the different structures, namely the hydrophobicity of each emulsion oil/water interface is different. We assumed that this difference of the nano-emulsions interface would affect the adsorbability of VA onto the biological interfaces.
VA is known as an active ingredient for maintaining the health of eyes and healing of injured eyes by applying VA to the surface of eyes 5, 25, 26 .
Therefore we examined the efficiency of the nano-emulsions as VA carriers to the corneal epithelial cell membranes using the liposomes, which were composed of the similar composition to lipids in the corneal epithelial cells. The preparation method was described in 2.2.4. Then we evaluated the adsorbability of VA according to the procedure described in 2.2.4. The sample B, C, D, E and F listed in Table 1 were measured.
The result was shown in Fig. 6 . The vertical line describes the adsorbed amount of VA against per 1 mmol of the mixed lipids, and the value in the parenthesis describes the proportion of the adsorbed amount of VA relative to its amount in the sample B, C, D, E, and F. According to the result, the nano-emulsions of lower HCO concentration, which are supposed to have comparatively hydrophobic oil/ water interface, tend to increase the VA adsorption ratio against the liposomes.
Generally, hydrophobic fat-soluble molecules are easy to interact with the lipid membranes, which are composed of hydrophobic layers. Therefore the nano-emulsions bearing more hydrophobic interface were supposed to interact effectively with the lipid membranes and increased the VA adsorbability.
Through the experiment, we considered the nano-emulsions, which have comparatively hydrophobic oil/water interface, would be effective carriers to deliver VA to the corneal epithelial cell membranes.
CONCLUSION
In conclusion, we demonstrated that the SAXS method, namely the PDDF and the electron density profile would be one of the powerful tools for the structural analysis of the Fig. 5 The zeta potential of the nano-emulsions; The HCO concentration of sample B is 1.0 wt%, sample C is 0.75 wt%, sample D is 0.50 wt%, and sample F is 0.10 wt% (listed in Table 1 ).
Fig. 6
Adsorbed amount (and proportion) of VA of the nano-emulsions onto the corneal epithelial cells-model interface; The HCO concentration of sample B is 1.0 wt%, sample C is 0.75 wt%, sample D is 0.50 wt%, sample E is 0.25 wt%, and sample F is 0.10 wt% (listed in Table 1 ).
nano-emulsion system. Through these analyses, the size and the internal structure of the nano-emulsions were elucidated. We also clarified that the nano-emulsions of lower HCO concentration were supposed to be covered with less HCO molecules per specific surface area of oil/water interface, and such the emulsions supposed to have more hydrophobic oil/water interface than that of higher HCO concentration. Moreover, we successfully elucidated that the nanoemulsions of lower HCO concentration tend to increase the VA adsorption ratio onto the liposomes, which was used as the corneal epithelial cells-model interface. Therefore, the adsorption ratio of hydrophobic substances against lipid membranes can be increased by preparing the nano-emulsions, which have comparatively hydrophobic oil/water interface.
In our study, we demonstrated that nano-emulsions would be effective carriers of hydrophobic substances onto lipid membranes, especially onto the corneal epithelial cell membranes by controlling their structure.
SUPPORTING INFORMATION
The scattered intensity curves of the measured samples A, B, D, and E, and the PDDFs and the electron density profiles of the nano-emulsions prepared without an antioxidant VE were described in order to confirm the effect of VE on the nano-emulsion structure.
